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1   INTRODUCTION  
 
    In industrial and economic applications the lubrication is necessary to extend 
the life cycle of machine components and to reduce friction, wear and the loss of 
energy between rubbing surfaces. Non-conformal surfaces are common in machine 
components such as gears, rolling-element bearings, cams ... etc. The area of contact 
between non-conformal surfaces is very small (point or line contact) which results in 
a very high concentrated pressure associated with elastic deformations and contact 
fatigue even under low loads. In addition to the concentrated stress, a lot of machine 
components with non-conformal contacts operate under starved lubrication 
especially in cases of high speeds and high viscosities or in cases where grease 
lubrication is used. Indeed, starvation is accompanied with a film thickness 
reduction in non-conformal EHL contacts and it is one of the most common reasons 
of fatigue failures of mating surfaces.  
    It is well known that the elastohydrodynamic lubrication regime is dominated 
in non-conformal contacts where the elastic deformation of the contacting surfaces 
cannot be ignored. In reality it is difficult to predict the value of friction coefficient 
due to the sensitivity of friction against many parameters such as operating 
conditions, roughness of mating surfaces, oil viscosity, temperature and rheological 
properties. On the other hand, there is always a need to improve the tribological 
properties of machine components to answer the request of running machine 
components under severe operating conditions (high speeds, high loads and 
starvation). 
    The modification of surface topography by artificially-produced micro-features 
is introduced as a promising approach to reduce friction and wear between rubbing 
surfaces. However, the obtained benefits depend quantitatively and qualitatively on 
the proper design of the shape and the size of micro-features. Also, the regime of 
lubrication in combination with the operating conditions should be taken into 
account to optimize the design of micro-textures. Indeed, a lot of efforts and 
researches were carried out to study the effect of artificial micro-features on the film 
thickness profile and the pressure distribution under fully flooded EHL contacts. But 
there is still a need to clarify and to observe the direct effect of surface textures on 
the friction and film thickness in non-conformal contacts under starved lubrication 
and extreme conditions. Furthermore, the understanding of starvation phenomenon 
was necessary to carry out the solution of the topic presented in this thesis. 
Therefore, the correlation between friction and the degree of starvation has been 
investigated theoretically and experimentally. On the other hand, the effect of 
replenishment on friction and film thickness in EHL contacts has been briefly 
highlighted also as secondary aim of this thesis. 
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2  STATE OF THE ART  
 
Improving the tribological performance of mechanical interfaces is required to 
reduce the frictional loss of energy. Different techniques are used to enhance the 
surface properties against the wear and failure of machine components. The 
modification of surface topography by artificially-produced micro-features is a 
recent technique to control friction and wear between rubbing surfaces [1]. 
However, the beneficial effects are significantly related to the proper design (shape 
and size) of micro-features [2]. Moreover, the performance of micro-features is 
influenced by the regime of lubrication and operating conditions [3].  
 
2.1 Micro-textures in EHL contacts 
Elastohydrodynamic lubrication (EHL) can be encountered in many mechanical 
interfaces with non-conformal contacts such as gear teeth, rolling-element bearings, 
cams, etc. EHL contacts are highly loaded with contact pressure about 0.5 -3 GPa. 
Therefore, the elastic deformation of mating surfaces has a significant role on the 
film thickness. On the other hand, the viscosity of lubricant is pressure dependant in 
the elastohydrodynamic regime due to the high pressure. As a result, the effects of 
micro-textures in EHL contacts reflect the interaction between film thickness, 
pressure, oil viscosity, operating conditions and the geometry of micro-textures. 
The utilization of micro-textures to improve the tribological properties of rubbing 
surfaces is not limited for conformal surfaces, but also with non-conformal contacts 
some benefits can be obtained. Many papers were published about the effects of 
surfaces texturing on the film thickness and pressure profile for non-conformal 
contacts. There is a consensus that micro-textures with proper dimensions and 
operating conditions can enhance the tribological performance of concentrated 
contacts. Wang et al. [4] investigated experimentally the effect of dimple size on 
friction under line contact condition. The patterns of dimples were fabricated on the 
surface of brass disks with area density of 7% and the dimple diameter varies from 
20 to 60 µm. They stated that only the pattern with dimple diameter of 20 µm 
produced the effect of friction reduction because small dimples are able to obtain 
hydrodynamic pressure higher than untextured surface. Blatter et al. [5] compared 
the frictional behavior and sliding life of the laser-patterned samples with the non-
patterned one using a pin-on-disk tribometer. A copper-vapor laser emitting at 510 
nm wavelength was used to produce microgrooves on the surface of sapphire plates. 
The life of lubricated sliding increased considerably for the laser-patterned sapphire. 
Moreover, fine-patterned surfaces showed less friction than original highly polished 
surfaces. Nakatsuji et al. [6] evaluated the effects of micro-pockets on lubrication by 
using a roller with a small number of micro-dents marked by a diamond pyramid. 
The results revealed that micro-dents can prevent metal to metal contacts and 
scuffing under high load. Nanbu et al. [7] established a model-based virtual 
texturing for simulating the effects of micro-textures bottom shape on the 
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elastohydrodynamic lubrication interface. The study provided an explanation of 
micro-texturing mechanisms in improving the performance of lubrication and film 
thickness. Micro-textures have been investigated under three different relative 
motions: textured surface moving, un-textured surface moving, and both moving. 
They showed that dimples with flat bottom and those that form a convergent wedge 
can bring additional flow into the interface resulting in enhanced lubrication film 
thickness. The sliding speed determines the degree of the texture effect on film 
thickness while the rolling speed controls the level of the film thickness.  
 
2.2 Film thickness profile in dented non-conformal surfaces  
Film thickness prediction is necessary to improve the performance and durability 
of machine components. However, introducing artificial micro-textures on rubbing 
surfaces influences significantly the pressure distribution within the contact. 
Consequently, textured EHL conjunctions demonstrate a transient behavior of the 
lubricant flow and film thickness. The transient behavior of micro-textures in EHL 
contacts has been widely studied by many researchers. 
Křupka et al. [8, 9] observed the behavior of shallow micro-dents within mixed 
lubricated non-conformal contacts (ball-on-disk) by using the thin film colorimetric 
interferometry. Their study showed that an array of shallow micro-dents reduces 
asperity interactions of mating surfaces and the lubricant emitted by shallow micro-
dents provides a local increase in lubrication film thickness. In addition, they 
referred to the effect of surface texturing in case of reversal motion where starvation 
of lubricant is dominated. The results show that micro-textures help in reducing the 
negative influence of starvation by emitting additional lubricant from the dents 
which can lead to avoid the collapse of film thickness due to starvation. However, 
the emitted lubricant from the shallow dent improves the film thickness in case the 
disk moves faster than the dented ball. At the same time, the micro-cavities localized 
around the border of the Hertzian contact had a negative effect on the film thickness 
and the hydrodynamic pressure because of the side leakage of lubricant. Křupka and 
Hartl [10, 11] performed an experimental study for the effect of micro-dents on the 
thin EHD lubrication films for non-conformal surfaces. Fig. 2.1 depicts the effect of 
a row of shallow micro-dents on thin film thickness through an EHL contact. It is 
clear that micro-dents act as oil reservoirs and the emitted lubricant upstream or 
downstream depends on the direction of sliding. On the other hand, the results 
showed that in case of positive slide-to-roll ratio, deep micro-dents can lead to 
reduce the lubricant film thickness. 
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Fig. 2.1 Interferograms and film thickness depicting the effect of shallow micro-
dents on thin EHD lubricated contact, SRR=0.5 for a) and SRR=-0.5 for b) [8]. 
 
Moreover, the study presented in references [10, 11] showed that the minimizing 
of micro-dents depth can improve the film thickness of lubrication at slide-to-roll 
ratio SRR=0.5. Indeed, minimizing the depth of micro-dents from 1180nm to 560 
nm led to increase the film thickness from 20 nm to 49 nm. In case of the negative 
slide-to-roll ratio, the depth of micro-dents has not a significant effect in reducing 
the film thickness. Furthermore, when dents are introduced on the slower moving 
surface, push the lubricant in the direction of flow, otherwise, dents on faster surface 
push the lubricant in the opposite direction of flow. Fig. 2.2 shows a comparison of 
film thickness for smooth and dented surfaces. The local enhancement of film 
thickness is formed just downstream of the leading edge of the micro-dent and this 
local enhancement becomes more pronounced as the slide-to-roll ratio increases. 
 
 
 
Fig. 2.2 Comparison of film thickness for smooth and dented non-conformal 
surfaces, SRR = 0.5 for b) and SRR=1 for a) [10]. 
 
2.3 Effect of micro-cavities depth 
Lubrecht [12] investigated the influence of local and global features in EHL 
contacts. The local features such as indentation influence significantly the pressure 
contact when these local features have amplitude (depth) larger than the global 
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roughness. In his study, the pressure distribution of concentrated contacts has been 
approximated by the pressure distribution of the dry contact because the results 
showed that the difference in pressure and stress field is small for dry and lubricated 
contact with artificially-created defects. Moreover, the dent geometry influences 
strongly the life reduction of non-conformal contacts. In general, micro-features 
with amplitudes larger than the overall film thickness aggravate the life expectancy 
of mating surfaces. Mourier et al. [13, 14] investigated experimentally and 
numerically the effect of micro-cavities depth on the film thickness for a lubricated 
contact between steel ball and silica disk. The conclusion of work showed that the 
micro-cavities do not significantly influence the oil film thickness under pure rolling 
conditions. On the other hand, micro-cavities have a positive or a negative effect in 
case of sliding motion according to the depth of micro-cavities. Deep cavities cause 
a local decrease and failure in film thickness. While shallow micro-cavities increase 
significantly the film thickness. The local lubricant film reinforcement is 
proportional to the slide-to-roll ratio, and to the time spent by the micro-dimple into 
the contact zone because the oil is pushed out from the micro-cavity under the 
combined effect of sliding motion and the elastic deformation of contacting surfaces. 
Fig. 2.3 demonstrates the profile of film thickness for a smooth surface and a dented 
surface with deep micro-cavity (25 µm diameter and a depth exceeding 100 µm).  It 
is clear that there is a collapse of the lubricant film near the moving micro-geometry. 
On the contrary, Fig. 2.4 shows an important increase of film thickness locally 
generated by the passing of the shallow micro-cavity through the contact zone. 
 
 
 
Fig. 2.3 Effect of deep micro-cavity on film thickness [14]. 
 
 
 
Fig. 2.4 Effect of shallow micro-dimple on film thickness [14]. 
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2.4 Surface texturing under starved lubrication 
Dumont et al. [15] described numerically the behavior of micro- pits in fully 
flooded and starved EHL point contacts. Fig. 2.5 and Fig. 2.6 show a numerical 
comparison of the film thickness and pressure profiles along the X and Y axes under 
fully flooded and starved contact. On the other hand, if the filled pits are on the 
moving surface, they bring more oil into the contact than would a moving smooth 
surface. However, the film profile around the micro-pit is similar to the smooth film 
profile for fully flooded conditions but for starved conditions there is a change in 
film profile on the sides and behind the pit. In the starved case, the height of the film 
behind the pit is almost 3 times larger than the height in front of the pit. Also, the 
benefits of pits decrease as the degree of starvation decreases because the overall 
film thickness becomes larger and the relative effect of emitted oil from the pits 
becomes less.  
 
 
 
Fig. 2.5 Gap and pressure profiles along the X axis, (a) fully flooded contact, (b) 
starved contact [15]. 
 
 
 
Fig. 2.6 Gap and pressure profiles along the X axis, (a) fully flooded contact, (b) 
starved contact [15]. 
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3  SUMMARY AND CONCLUSION OF STATE OF THE ART 
 
The behaviour of micro-texturing in EHL regime can be summarized by the 
following points: 
• Micro-textures with proper dimensions and orientation could reduce the 
coefficient of friction and wear between rubbing surfaces. 
• Micro-textures with a small size (in the scale of surface roughness) have a little 
effect on the pressure distribution and the film thickness profile in EHL 
contacts, because the micro-dimples will be completely absorbed by the elastic 
deformation. 
• Micro-features with a large size cause a reduction in the film thickness in EHL 
contacts due to the cavitations. 
•  Micro- features with proper dimensions enhance the film thickness in non-
conformal contacts. 
• There is a very high concentrated stress around the edges of micro- features in 
the EHD Hertzian contact. 
• The effect of micro-textures under pure rolling conditions is very little in 
comparison with the effect of same micro-textures under sliding conditions. 
• Micro-textures bring into the contact additional lubricant by acting as oil 
reservoirs. However, lubricant is emitted into the contact under the effect of 
sliding and the elastic deformation. 
• Shallow micro-dents have beneficial effects. On the contrary, deep micro-dents 
can cause negative effects on the film thickness. 
• Micro-pits enhance the film thickness under poor lubrication or under 
starvation. On the contrary, micro-pits cause a reduction in film thickness under 
fully flooded conditions. 
• Transverse and longitudinal micro-grooves increase traction and reduce the 
film thickness of EHL contacts due to the side leakage along the groove. 
• Proper design of micro-dents could enhance the contact fatigue life by means of 
capturing wear debris or lift off the real roughness. 
• Micro-dents are more active in enhancing the fatigue life under poor lubrication 
conditions than under fully flooded lubrication. 
The most important parameters describing the efficiency of surface texturing are 
the friction and film thickness. The friction as well as film thickness determine the 
amount of wear and the loss of energy between rubbing surfaces. However, a lot of 
machine components have non-conformal contacts working under starved condition 
due to the severity of operating conditions and the increase of using grease 
lubricants. For this reasons it is necessary to find a method to prevent the metal-to-
metal contact and reducing friction under extreme conditions. Surface texturing can 
offer the solution to avoid the failure of components under starved conditions. The 
biggest disadvantage of surface texturing is the fluctuation of pressure around dents 
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and the concentration of stress on the edges of micro-textures in the EHD Hertzian 
contact. However, the proper design of micro-textures could bring some tribological 
benefits for mating surfaces. The literature review of surface texturing shows a lack 
of experimental study on micro-textures in starved EHL contacts. This thesis work 
presents an attempt to fill this gap by highlighting the behavior of micro-textures 
under starvation and extreme conditions (thin film, reverse motion and high values 
of slid-to-roll ratio) in the EHL regime. 
 
4  AIM OF THESIS 
 
Experimental and numerical investigations on the effects of shallow micro-
textures (micro-dents and micro-grooves) on the coefficient of friction and film 
thickness in EHL contacts (ball-on-disk) under extreme operating conditions and 
starved lubrication. 
The aim of thesis consists of the following points: 
 
• Studying experimentally the effect of artificially produced micro-dents on 
reducing the coefficient of friction in sliding motion between non-conformal 
surfaces under starved lubrication.  
• Comparing results with fully flooded conditions to ensure whether micro-dents 
are more effective under starved or fully flooded conditions.  
• Experimental study of micro-dents effects on film thickness under starved 
conditions. 
• Experimental study on the behavior of transverse limited micro-grooves with 
length less than Hertzian diameter through EHL contacts. 
• Effect of transverse limited micro-grooves on friction and film thickness in 
sliding and reverse motion. 
• Effect of transverse limited micro-grooves under starvation. 
• Numerical simulation to the behavior of transverse limited micro-grooves in 
EHL point contacts and experimental verification. 
 
 
5  METHODS AND EXPERIMENTAL 
 
Measurements have been carried out using a ball-on-disk Tribometer equipped 
with a high-speed digital camera and torque sensor, see Fig.5.1. The film thickness 
and friction have been measured in the contact between a steel ball and a glass disk 
under different values of the entraining velocity and slide-to-roll ratios (SRR). The 
negative signal of (SRR) means that the ball is faster than the disk. The required 
load value is set by placing weights on the arm of the lever mechanism. However, 
this design allows only static loads over time.  
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Fig. 5.1 Ball-on-disk Tribometer. 
 
The steel ball AISI 52100 has a roughness about 10 nm and a diameter of 25.4 
mm with the elastic modulus 210 GPa. The disk is made of chromium-coated glass 
with the elastic modulus 80 GPa. Indeed, the contact side of the glass disk is coated 
with a layer of sublimed chromium to enhance the contrast of the scanned 
interferogram. The ball and disk are driven by servo-motors controlled by the 
computer with the ability to change the required slide-to-roll ratio in a wide range. 
The construction of the Tribometer gives the ability of capturing interferometric 
images simultaneously with measuring the coefficient of friction.  
 
 
 
When the surfaces of ball and disk are in relative motion, the entrainment speed  is 
given by: 
 
 
where  [m/s]and [m/s] are the linear speed of the ball and disk respectively. 
The slide-to-roll ratio  is given by the following formula: 
 
 
The sliding speed  is given by: 
 
 
 
5.1 Friction measurements  
The acquired signal from the torque sensor is processed by Digital/Analog card 
configured by the software LabVIEW. As shown in Fig.5.2, the ball is driven by a 
servo-motor through torque sensor connected to the computer. The sensor has been 
well calibrated using static loads before all the tests. Also, compensation has been 
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added to eliminate the effect of bearings on the ball shaft. However, the sensor has 
absolute error of ±0.2% according to the factory specifications.  
 
 
 
Fig. 5.2 Experimental setup for friction measurements using torque sensor. 
 
Measuring of friction depends on determining the size of frictional forces in the 
contact between the rotating disk and ball using the torque sensor. Fig 5.3 shows the 
schematic representation of forces in the contact, where Fn is the load, Ft is the 
frictional force and Mt is torque. Measuring of torque using the sensor allows 
calculating friction by the following equations: 
 
where d is the diameter of ball. 
 
 
where µ is the coefficient of friction. 
 
 
 
Fig. 5.3 Scheme of forces in the contact between ball and disk. 
 
5.2 Film thickness measurements  
The formation of the lubricating film is determined by colorimetric interferometry 
[16]. The principle of the method has been implemented in a comprehensive 
program that allows repeatedly determining the formation of the lubricating film of a 
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large amount of chromatic interferograms obtained for different experimental 
conditions. Lubricated contacts are observed using a microscope imaging system. 
This method utilizes interference of light at the interface of contacting bodies and 
the lubricating film. Scheme of lubricant film thickness evaluation is shown in 
Fig.5.4. The interferograms are converted into color model in which the colors are 
compared with the reference model. However, calibration is needed for proper 
evaluation of the lubricant film thickness from captured interferograms. Calibration 
consists of obtaining monochromatic and chromatic interferogram of static Hertzian 
contact. Monochrome image is used to establish the reference geometry, which is 
determined by the position of intensity maximum and minimum of the interference 
fringes. Subsequently, the color space CIELAB creates spatial curve, which gives 
the relationship between the lubricant film thickness and values coordinates in the 
color space. By analyzing the color of the scanned pixel interferogram during the 
experiment, each pixel according to the color is assigned to the thickness of the 
lubricating film. On the other hand, the method allows determining the distribution 
of film thickness in the entire region with 3D graphs for the resolution of 1 nm. 
Software Achilles is used for the evaluation of interference patterns (the 
interferogram). The user interface window of Achilles is shown in Fig.5.5. 
 
 
 
 
Fig. 5.4 Scheme of lubricant film thickness evaluation. 
 
6   RESULTS AND DISCUSSION 
6.1 Behavior of micro-dents under starvation 
Enhancing the film thickness between lubricated contacts is the first step to 
diminish friction and wear. Under starvation, the film thickness becomes shallower 
than under fully flooded conditions due to the delay of pressure build up. However, 
the presence of micro-features within EHL contacts can significantly influence the 
pressure distribution and film thickness. The tribological performance of surfaces 
with micro-dents was evaluated by comparing friction and film thickness with 
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smooth surfaces under starvation in the presence of sliding motion. Measurements 
were carried out by using a ball-on-disk Tribometer shown in Figs 5.1 and 5.2. The 
naphthenic base oil (N2400) with the dynamic viscosity sPa.421.0=η  at 40 C°  and 
the pressure-viscosity coefficient 135 −= GPaα   was used in all experiments presented 
in this section. 
In order to investigate the effect of micro-dents on reducing friction, the surface 
of the ball was artificially dented by 4 rows of shallow micro-dents, see Fig.6. 9. 
The average diameter of the dent is about 35µm with a depth about 0.6µm. The 
interval step between dents is about 222µm while the offset between rows is about 
110µm. Measurements were carried out under load 32 N, SRR=-1 and =60 mm/s. 
The corresponding maximum Hertzian pressure is 0.521 GPa. In case of starvation, 
the contact has been supplied only by 14 µl of base oil (N400).   Fig.6.10 and Fig.6.1 
show a comparison of the friction coefficient for smooth and textured surface under 
starved and fully flooded lubrication. The results show that the benefits of micro-
dents under severe starved lubrication are relatively considered with a friction 
reduction about 9%. On the other hand, the benefits of micro-dents under fully 
flooded conditions are negligible and the value of average friction of smooth and 
textured surfaces is nearly the same. That effect is justified by the fact that the little 
amount of emitted fluid from micro-dents doesn’t make a significant difference in 
enhancing the film thickness under fully flooded lubrication where the overall film 
thickness is originally large enough.  
 
 
 
Fig.6.1 Distribution of micro-dents on the ball surface. 
 
From Fig .6.2 and Fig.6.3 we can also notice that the friction increases with the 
time under steady state for both textured and smooth surfaces under starved 
lubrication while the friction is stable with the time under fully flooded condition. 
This behavior can be attributed to the thermal effect where the available amount of 
oil under fully flooded condition is larger in comparison with the starved condition 
which results in a larger heat capacity for fully flooded contact, for this reason the 
oil temperature for starved conditions is higher than the oil temperature for fully 
flooded conditions under the same operating conditions. It is well known that the 
higher temperature the lower viscosity of lubricant and film thickness. 
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Fig. 6.2 Coefficient of friction for smooth and textured surfaces under starved 
conditions. 
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Fig. 6.3 Coefficient of friction for smooth and textured surfaces under fully 
flooded conditions. 
 
6.1.1 Effect of micro-dents on film thickness under starvation 
Fig.6.4 shows the profile and depth of micro-dents produced on the surface of ball 
for investigating the effect on the film thickness under starvation. The diameter of 
micro-dent is about 65 µm with average depth of 800 nm. The contact is lubricated 
with base oil (N2400) under load of 44 N, SRR=-1.66,  =4.8 mm/s and oil 
amount18 µl. In this case, the corresponding maximum Hertzian pressure is 0.58 
GPa 
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Fig. 6.4 Profile of micro-dents on X-X axis. 
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Fig.6.5 shows a film thickness comparison for smooth and textured surfaces with 
the corresponding interferogam images. Indeed, it would be difficult to capture such 
images with high resolution without the high speed camera (700 pps). Starvation can 
be observed in interferogam images where the air-oil meniscus is localized very 
close to the Hertzian contact. On the other hand, interferogam images show a 
significant modification of lubrication film shape. The measured film thickness on 
A-A axis shows that the textured surface has a larger film thickness compared to the 
smooth one. This enhancement is attributed to the extraction of lubricant from 
micro-dents under the effect of the elastic deformation and the kinematic sliding. 
This implies that micro-dents are able to bring additional lubricant into the EHL 
contact even under starvation.  
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Fig. 6.5 The film thickness profile on A-A axis for smooth and textured surfaces 
under starved lubrication with SRR=-1.66, =4.8 mm/s., w=44 N. 
 
6.2 Behavior of transverse shallow micro-grooves in EHL contacts 
This section shows experimental investigation on the behavior of transverse 
shallow micro-grooves in concentrated non-conformal contacts. The tribological 
performance of micro-grooved surfaces has been assessed by measuring friction and 
film thickness under sliding, reverse and starvation conditions. The length of micro-
grooves is considered as a crucial parameter to inhibit the side leakage.  
Measurements have been carried out using a Tribometer equipped with a high-
speed digital camera and torque sensor. The film thickness and friction have been 
measured in the contact between a steel ball and a glass disk under different values 
of the entraining velocity and slide-to-roll ratio ( ) ( )balldiskballdisk uuuuSRR +−= *2 . The 
negative signal of (SRR) means that the ball is faster than the disk. The steel ball 
AISI 52100 has a roughness about 10 nm and a diameter of 25.4 mm with the elastic 
modulus 210 GPa. The disk is made of glass with the elastic modulus 80 GPa and 
the lower surface of the disk is coated with a thin layer of Chromium. The ball and 
disk are driven by servo-motors controlled by the computer with the ability to 
change the required slide-to-roll ratio in a wide range. The construction of the 
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Tribometer gives the possibility of capturing interferometric images simultaneously 
with measuring the friction. The base oil N2400 (dynamic viscosity sPa.421.0=η  at 
40 C° and pressure-viscosity coefficient 135 −= GPaα ) was used as lubricant in all the 
experiments in this section.  
 
The effects of three types of transverse micro-grooves have been investigated. 
These types are shown in Fig.6.6 as the following: 
 
a) Large-sized micro-grooves with intersection with the outer Hertzian circle 
(depth h=1µm, width w=60 µm, length l>2a, where a is the radius of the 
Hertzian contact). 
b) Small-sized micro-grooves with intersection with the outer Hertzian circle 
(h=0.4µm, w=42 µm, l>2a). 
c) Small-sized micro-grooves without intersection with the outer Hertzian circle 
(h=0.4µm, w=42 µm, l<2a).  
 
 
 
 
Fig. 6.6 Schematic representation of micro-grooves used to compare the effect on 
film thickness under load 35N (dimensions in µm). 
 
6.2.1 Effect of micro-grooves on the film thickness 
The effect of micro-grooves passage through EHL point contacts is evaluated in 
comparison with smooth surfaces. Since the micro-grooved ball is faster than the 
disk (SRR<0) in this experiment, the significant modification of film thickness is 
localized on the leading edge of the micro-groove, see reference [17]. Therefore, the 
film thickness is measured only on the trailing edge across an axis parallel to the 
micro-groove. Fig.6.7 shows the severe collapse of the film thickness as a large-
sized micro-groove of type (a) passes the contact. The collapse is attributed to the 
side leakage across the micro-groove and it can be stated that the lubricant is 
displaced out of the Hertzian contact rather than to be emitted into the contact. 
Fig.6.8 shows that reducing the dimensions of the micro-groove (grooves of type 
(b)) does not solve the problem of the side leakage along the groove in the places 
where the groove is intersected with the outer circle of the Hertzian contact. 
However, it is clear that the film thickness has been significantly enhanced only in 
the central region and it became larger than the film thickness of the smooth surface.  
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Fig. 6.7 Film thickness profile on X axis for the smooth and the textured surface 
with micro-grooves (h=1µm, w=60 µm, l>2a),F= 35 N, = 4mm/s, SRR=-0.7. 
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Fig. 6.8 Film thickness profile on X axis for the smooth and the textured surface 
with micro-grooves (h=0.4µm, w=42 µm, l>2a), F= 35 N, =4mm/s, SRR=-0.7. 
 
Reducing the depth and width of the groove led to increase the pressure in the 
groove resulting in a higher viscosity and consequently the effect of the shear flow 
becomes less [17]. Thus, micro-groove with small depth and width can enhance the 
film thickness in the central region of the contact where the pressure is large enough 
to increase the viscosity of the lubricant. But even with the small size there is still a 
significant side leakage and film thickness reduction in the places where the pressure 
and viscosity are relatively low. From measurements in Figs 6.7 and 6.8 it is clear 
that the positive effect associated with the transversally-oriented micro-grooves is 
attributed basically to the side leakage which means that the lubricant is ejected out 
of the Hertzian contact across the groove. The amount of the expelled lubricant is 
influenced strongly by the dimensions of the groove. 
Fig.6.9 shows the profile of the film thickness on the trailing edge of a transverse 
micro-groove without intersection with the border of the Hertzian contact. It is 
evident that the emitted lubricant enhanced strongly the film thickness in 
comparison with the smooth surface under the same operating conditions. In 
addition, the side leakage is completely absent since there is not any intersection 
with the outer circle of the Hertzian contact. However, a small reduction in the film 
 20
thickness has been observed in the places where the shoulders of micro-grooves are 
longitudinally oriented; see the dashed circles in Fig.6.9. It is expected that as the 
shoulders of grooves are transversally-oriented on the sliding direction, they would 
be flattened (deformed) easier than the oblique or longitudinal shoulders under the 
effect of sliding. Consequently, the shoulders of grooves induce a more of pressure 
fluctuation at the side edges of grooves because the orientation of shoulders tends to 
be oblique then longitudinal. The negative effects of shoulders can be minimized or 
eliminated by an effective polishing of the textured surfaces. 
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Fig. 6.9 Film thickness profile on X axis for the smooth and the textured surface 
with micro-grooves (h=0.4µm, w=42µm, l=160µm), F= 35 N, =4mm/s, SRR=-0.7. 
-300 -200 -100 0 100 200 3000
100
200
300
400
500
600
700
Position on X axis µm
Fi
lm
 
th
ick
ne
ss
 
nm
 
 
Smooth
Micro-grooved (h=0.4µm, w=42µm, l=160µm
0 0
XX
Sl
id
in
g 
di
re
ct
io
n
 
Fig. 6.10 Film thickness profile on X axis for the smooth and the textured surface 
with micro-grooves (h=0.4µm, w=42µm, l=160µm), F= 35 N, =1.6 mm/s, SRR=-
0.7. 
 
Fig.6.10 shows the effects of grooves as the overall film thickness becomes 
thinner. The comparison between Figs 6.9 and 6.10 shows a similar behaviour and 
the same negative reduction induced by the shoulders; see the dashed circles in 
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Fig.6.10.  However, some important points can be observed from the comparison 
between Figs 6.9 and 6.10 as the following: 
• The film thickness has been enhanced by the same value (about 65 nm) on the 
trailing edge for the same slide-to-roll ratio SRR=0.7. Therefore, the absolute 
amount of lubricant emitted from the micro-groove is approximately the same 
regardless the value of the overall film thickness and the value of SRR determines 
quantitatively of the extracted lubricant.  
• The relative enhancement of the film thickness is definitely larger and more 
appreciated for the thinner film thickness.  Thus, relatively (not quantitatively) the 
benefits of micro-textures are more significant as the overall film thickness is less 
under the same SRR. Similar results are revealed experimentally and numerically 
in reference [15]. 
 
6.2.2 Effect of micro-grooves on friction in sliding and reverse motion 
In Figs 6.9 and 6.10 is shown that the shallow transverse micro-grooves with a 
length shorter than the diameter of the Hertzian contact are helpful in enhancing the 
film thickness on the trailing edge as the ball is faster than the disk. On the other 
hand, a small reduction in the film is caused by the effect of shoulders. However, the 
coefficient of friction is crucial to evaluate the effect of the proposed design of 
micro-grooves (limited micro-grooves) on the tribological performance of non-
conformal contacts. The corresponding interferometric images in Fig.6.11 (captured 
in the 6th minute) show a significant enhancement of the film thickness for the 
textured surface in comparison with the smooth one. Nevertheless, Fig.6.11 shows 
that a small reduction of friction (about 4%) can be obtained for the surfaces 
textured with grooves under the given operating condition. The small reduction 
versus the large enhancement of the film thickness is attributed to the large overall 
film in the contact (central film= 150 nm) which results in a small relative 
enhancement. Furthermore, the large SRR=-1.58 increases the non-Newtonian 
behavior of the fluid (the shear stress becomes close the limiting shear stress) which 
means that the friction becomes more dependent on the slide-to-roll ratio than the 
value of the film thickness. The sensitivity of friction against the change of film 
thickness becomes less with increasing the slide-to-roll ratio. In other words, the 
Couette friction is less sensitive to the change in the film thickness than the 
Poiseuille friction. Consequently, high slide-to-roll ratios for textured surfaces 
reduce the benefits concerning the reduction of friction, despite the larger SRR 
improves the extraction of the lubricant from the Micro-textures.  
Figs.6.12 depicts the measurements of friction for smooth and textured surfaces in 
the reverse sliding motion for a large value of SRR=-5.6 with the corresponding 
interferometric images captured in the 6th minute. Again, a small reduction of 
friction (about 4.2%) has been measured although the large relative enhancement of 
the film thickness. 
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 Fig. 6.11 The coefficient of friction (COF) for the smooth and the textured 
surface with micro-grooves (h=0.4µm, w=42µm, l=160µm) in the sliding motion 
with SRR=-1.58. 
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Fig. 6.12 The coefficient of friction (COF) for the smooth and the textured 
surface with micro-grooves (h=0.4µm, w=42µm, l=160µm) in the reversal motion 
with SRR=-5.6. 
 
 
6.2.3 Behavior of micro grooves under starvation 
Starvation can be encountered in EHL contacts under extreme operating 
conditions (high speeds and/or high viscosities) or in cases where greases are used to 
lubricate bearings. Starvation is caused basically by insufficient replenishment 
where the lubricant fails to reflow to the depleted track. However, enhancing the 
lubricating film thickness is the key to reduce friction and wear in starved EHL 
contacts. Dumont et al. [15] described numerically the behavior of micro-pits in the 
fully flooded and starved EHL point contacts. The benefits of micro-pits decrease as 
the degree of starvation decreases because the film thickness becomes larger and the 
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emitted oil from micro-pits becomes negligible in comparison with the available 
amount of oil in the contact.  
To investigate the effect of shallow micro grooves on the film thickness under 
starvation, measurements were conducted using a Tribometer equipped with a high-
speed digital camera. Base oil (R 834/80) with the dynamic viscosity 215.0=η  Pa.s at 
22°C and pressure-viscosity coefficient 22=α  GPa was used as lubricant. The film 
thickness was evaluated by the colorimetric interferometry technique. Micro-
grooves were made by using a Rockwell indenter with a head angle of 120 deg. The 
indentation process was fully automated by using steeper motors for linear and 
angular motion. An electromagnetic actuator was used to create the impact between 
the head of Rockwell indenter and the surface of the ball. Thus, the depth of micro-
grooves depends on the volt and current supply to the electromagnetic motor.  The 
profile of resulting micro-grooves was measured by optical profilometer. Fig.6.13 
shows the dimension and distribution of grooves on the surface of ball. The average 
depth of grooves is 600 nm, the width is about 60 µm and the transverse length is 
200 µm. One row of 10 micro-grooves has been created on the surface of ball with 
angular pitch of 200 µm. All experiments presented in this section were carried out 
at room temperature 22°C. 
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Fig. 6.13 Profile and distribution of micro-grooves on the surface of steel ball to 
investigate the effect on the film thickness under starvation. 
 
Fig.6.14 depicts the behavior of transverse limited micro-grooves under 
starvation.  The available amount of lubricant was only 8µl with entraining speed 
eu = 67 mm/s, SRR=-1.96 and load w=63 N. In this case, the corresponding 
maximum Hertzian pressure and contact radius are 0.653 GPa and 215 µm, 
respectively. The Interferometry images shown in Fig.6.25 have been captured in the 
20th minute after the start.  Starvation can be easily observed from the oil-air 
meniscus in the inlet of the contact. The inlet cavitations are caused by the high 
speed and low amount of oil on the track. Indeed, these conditions with the high 
value of SRR=-1.96 represent extreme operating condition for EHL contacts. 
Although the contact is starved, Fig.6.14 shows that the transverse limited grooves 
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are able to act as oil reservoirs and the film thickness of grooved surface is larger 
than for smooth surface. The enhancement of film thickness on the trailing edges of 
grooves is shown in Fig.6.14 along longitudinal sections A-A and B-B. However, 
acting as oil reservoirs means that the micro-grooves are filled with lubricant. But 
the micro-grooves are depleted after leaving the contact and the mechanism of 
replenishment is insufficient since the speed is high and the oil amount is very little. 
The inlet gap between the mating surfaces is filled by lubricant under full film 
lubrication. As a result, the depleted micro-grooves are filled in the inlet zone. The 
situation is different when the contact is starved because the inlet gap is occupied by 
oil-air cavitations with low pressure. Nevertheless, Fig.6.14 shows that the micro-
grooves are able to bring lubricant to the contact even after 20 minutes from the 
start.  
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Fig. 6.14 Effect of transverse shallow micro-grooves on the film thickness under 
starvation. 
 
Probably, the depleted micro-grooves were filled with fresh lubricant in the inlet 
zone by the capillary forces. Indeed, the mechanism of capillary forces generates 
significant flows in the vicinity of the contact under starved lubrication. On the other 
hand, Dumont et al. [15] predicted in their numerical study that the emitted lubricant 
from micro-pits leads to enlarge the distance between the oil-air meniscus and the 
Hertzian contact. But they didn’t explain how the depleted micro-pits can be filled 
after leaving the contact under starvation. Fig.6.14 shows the position of the oil-air 
meniscus is similar for smooth and grooved surfaces although the amount of emitted 
lubricant by micro-grooves is important.  If micro-features (grooves, dents, pits) are 
filled in the inlet zone by capillary forces not by replenishment, then the amount of 
emitted lubricant by one micro-groove will be absorbed by the next depleted micro-
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groove. Consequently, the available amount of lubricant will be stable in the inlet 
zone without changing the position of the inlet oil-air meniscus. 
 
6.2.4 Numerical simulation of micro-grooves passage through EHL point 
contact 
The numerical simulation of the experiments was performed by assuming an 
isothermal Newtonian fluid. Therefore, the Reynolds equation is written as    
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The boundary conditions of Eq.(6.1)  are: 
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The density-pressure and viscosity-pressure relations proposed by Dowson and 
Higginson and Rölands, respectively, are adopted, i.e.,   
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where [ ])67.9(ln101.5/ 090 +×= − ηαZ  and   is the Barus’ pressure-viscosity 
coefficient. 
Fig.6.15 shows Numerical representation of micro-grooves used in the numerical 
simulation. The shape of the groove used in the experiments was assumed by the 
following equation: 
( ) )60/2cos(10 2)60/(5.12 xHx x piδ −×=
            (6.5) 
where H = - 0.6 µm.  
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Fig. 6.15 Numerical representation of micro-grooves. 
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The Reynolds and film thickness equations are solved with the multi-level multi-
integration technique [18]. The calculation domain was ayaxa 0.20,5.15.2 ≤≤≤≤− , 
because of the symmetry with respect to the x-axis. Five levels of grids were used. 
On the finest level, 513 nodes were arranged in the x-direction and 257 nodes in the 
y-direction. Converged solutions were accepted when relative errors of pressure and 
load values became less than 10-4 simultaneously at the finest grid level.  
  
 
   
   
 
 
Fig. 6.16 Numerical and experimental comparison of the micro-grooves effects on 
film thickness (a) Interferometry image of smooth surface (b) Interferometry image 
of grooved surface (c) Numerical contour of film thickness. 
 
The transient effect of the micro-grooves passage through the EHL contact is 
observed numerically and experimentally under sliding motion. This effect is 
compared with smooth surface film thickness. Measurements and simulation were 
carried out for entraining velocity eu = 34 mm/s, slide-to-roll ratio SRR=-0.6 and 
load w=70 N. The corresponding maximum Hertzian pressure and contact radius are 
Sliding direction 
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0.68 GPa and 222 µm, respectively. Fig.6.16 shows an optical interferogarm 
comparison of smooth and micro-grooved surfaces with the numerical simulation. 
 
7  CONCLUSIONS 
    The friction coefficient of non-conformal EHL point contacts was measured 
under starved and fully flooded conditions for smooth and textured surfaces. 
Shallow micro-dents (depth 600 nm and diameter 35 µm) have been applied on the 
surface of a steel ball. The results show that the modification of non-conformal 
mating surfaces by shallow micro-dents provide a considerable reduction of friction 
(about 9%) under severe starved lubrication compared to smooth surfaces. On the 
other hand, the benefits of micro-dents were negligible for fully flooded lubrication.  
In the present thesis, the author introduced an optimized design of micro-grooves for 
improving the tribological performance of non-conformal contacts in the sliding and 
reverse motion and under starvation. The design is based on creating shallow 
transverse micro-grooves with a length shorter than the diameter of the Hertzian 
contact resulting in eliminating the side leakage along the grooves. However, the 
importance of the study concerning behavior of micro-grooves can be concluded by 
the following: 
 
• A significant enhancement in the film thickness can be induced by the 
passage of shallow limited micro-grooves row in the EHL contact.  
• Deep and shallow micro-grooves with a length larger than the diameter of 
Hertzian contact cause a reduction of film thickness due to the side leakage. 
• The beneficial effect on the film thickness depends relatively on the overall 
film thickness and quantitatively on the slide-to-roll ratio.  
• Surfaces with micro-grooves of type (c) have a larger film thickness than 
smooth surfaces under starved lubrication. 
• Such surface texturing approach is helpful to reduce friction and 
consequently wear of rubbing surfaces in the sliding and reversal motion. 
• Increasing the slide-to-roll ratios improves the extraction of lubricant from 
micro-cavities but this does not necessarily result in a significant reduction of 
friction. 
• Micro-grooves act as powerful oil reservoirs when they are introduced on the 
surface as closed texture cells with length less than the diameter of Hertzian 
contact.  
• Transverse limited micro-grooves enhance significantly the film thickness of 
EHL contacts under thin film and starved conditions. 
• The position of the oil-air meniscus is similar for smooth and grooved 
surfaces under same operating conditions. 
• The behavior of limited micro-grooves in EHL contacts can be successfully 
predicted by numerical methods as shown in Fig.6.16. 
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ABSTRACT 
 
This PhD thesis focuses on studying the effects of shallow micro-textures on 
friction and film thickness of lubricated non-conformal contacts under extreme and 
starved conditions. Measurements were carried out using a ball-on-disk tribometer 
equipped with high speed camera and torque sensor. Two types of micro-textures 
have been assessed in this study, micro-dents and transverse micro-grooves. The 
results reveal that micro-dents are helpful in reducing friction under starved 
conditions due to the film thickness enhancement. The mechanism of filling the 
depleted micro-dents with fresh lubricant is probably attributed to the capillary 
effect in the inlet zone under starvation. On the other hand, the rubbing surfaces with 
transverse shallow micro-grooves with a length less than the diameter of the 
Hertzian contact have an improved tribological performance in comparison with 
smooth surfaces. Indeed, transverse shallow micro-grooves showed a significant 
enhancement of film thickness under starvation and under extreme operating 
condition (reverse motion). The numerical simulation of the transient behavior of 
transverse limited micro-grooves showed accepted agreement with experimental 
results.  
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ABSTRAKT 
 
    Tato disertační práce se zabývá vlivem mělkých mikro-textur na tření a tloušťku 
filmu v mazaných nekonformních kontaktech za extrémních podmínek a za 
podmínek hladovění kontaktu. Měření byla realizována na tribometru v konfiguraci 
ball-on-disk. Kontakt byl pozorován pomocí vysokorychlostní kamery. Pro 
stanovení součinitele tření byl využit snímač krouticího momentu. V této studii byly 
popsány dva typy mikrotextur – mikrovtisky a příčné mikrodrážky. Výsledky 
naznačují, že za podmínek hladovění vedou mikrovtisky ke snížení tření a to díky 
nárůstu tloušťky mazacího filmu. Mechanismus doplňování mikrovtisků čerstvým 
mazivem je pravděpodobně způsoben kapilárními jevy ve vstupní oblasti. Třecí 
plochy s příčnými mikrodrážkami, jejichž délka byla menší než průměr Hertzova 
kontaktu, potom obecně vykazovaly lepší tribologické parametry ve srovnání s 
hladkými povrchy. Příčné mikrodrážky vedly k výraznému nárůstu tloušťky 
mazacího filmu za podmínek hladovění i za extrémních provozních podmínek 
(protisměrný pohyb). Numerické simulace přechodových jevů příčných mikrodrážek 
ukázaly dobrou shodu s experimentálními výsledky. 
 
 
 
 
 
 
 
